Abstract. Layers of sediment that are deposited on the floor of Lake Ohau, New Zealand, offer a means to reconstruct past climate conditions in the Southern Hemisphere at subdecadal and annual resolution. A robust understanding of the modern physical processes that control the influx and dispersal of sediment in the lake is required to reconstruct climate from these sedimentary archives. In this study, water temperature and velocity measurements collected during 2012-13 were analysed to determine the primary physical processes that influence sediment transport in the lake. Sediment input from river inflow occurs throughout the year but exhibits strong seasonal variation. Large inflow events (Q . 500 m 3 s À1 ) that follow strong summer rainstorms trigger high-concentration turbidity currents, which are the main agents for sediment delivery and deposition. During winter, smaller turbidity currents also occur after rain events and contribute to annual sediment accumulation. In addition, large internal waves were observed during the summer and may influence sedimentation. In conclusion, several processes including river inflow, internal waves and convectively driven flows control sediment deposition and accumulation in the Lake Ohau system. We utilise these observations to establish a conceptual model to explain the observed infill stratigraphy in Lake Ohau and guide interpretation of the longer sedimentary record.
Introduction
Sedimentation patterns in alpine and temperate lakes can be strongly influenced by the magnitude and physical properties of river inflows (Hamblin and Carmack 1978; Alavian et al. 1992; De Cesare et al. 2006) . In particular, increased river inflow in response to rainfall and the spring freshet can form gravity currents carrying large sediment loads into lakes (Weirich 1986; Desloges and Gilbert 1994; Gilbert et al. 2006; Amann et al. 2014) . Seasonal variability in river-fed lakes can influence sedimentation and produce clastic varves, e.g. relatively thick layers of coarse sediment during summer and thinner layers of fine sediments during winter (e.g. Leemann and Niessen 1994; Gilbert and Butler 2004) . In order to use clastic varves to reconstruct past climate, establishing the linkages between meteorological, limnological and sedimentary processes in lakes is required (e.g. Leemann and Niessen 1994; Hardy 1996) . Lake-monitoring programs provide measurements of physical properties in the water column (e.g. temperature, river inflow, velocities) and sediment characteristics (e.g. turbidity, particle concentration, particle size) that can help identify the control processes on sedimentation and to accurately interpret the sedimentary record preserved in the lake bed (Leemann and Niessen 1994; Tylmann et al. 2012; Ojala et al. 2012) .
Many lake systems and their associated sedimentation regimes have been studied in the Northern Hemisphere (e.g. Pharo and Carmack 1979; Mulder and Syvitski 1995; Gilbert and Crookshanks 2009 ) and have been used to generate annually resolved palaeoclimate reconstructions (e.g. Gilbert 1975; Desloges 1994; Leemann and Niessen 1994; Hardy 1996; Gilbert et al. 2006; Amann et al. 2014; and many others) . Similar studies are largely absent from the Southern Hemisphere (Ojala et al. 2012) despite the potential to gain insight into Pacific and Southern Hemisphere climate modes including El Niño-Southern Oscillation and the Southern Annular Mode, which regulates the Southern Hemisphere westerly winds (Thompson and Solomon 2002; Ummenhofer et al. 2009 ).
Located on the South Island of New Zealand, Lake Ohau offers a prime target to address this gap in global climate records as it sits near the northern boundary of the westerly winds that dominate atmospheric circulation. A 70-m-thick sequence of sediments in the lake basin offers the potential to examine climate evolution in the Southern Hemisphere since the end of the last glacial maximum (c. 17 000 years ago). Fine-scale (mm) laminations preserved in lake floor sediment likely form in response to seasonal variability in hydroclimate (Roop et al. 2015) . However, detailed examination of hydrodynamic conditions through the seasonal variations is required to improve our understanding of sediment dispersal within the lake and identify the cause(s) of millimetre-scale varves.
In this paper we examine temperature, current velocity, and turbidity data acquired near the dominant inflow of Lake Ohau to explore the effect of changing physical properties in the water column on sedimentation over an annual cycle. Constraining the role of large flood events is a particular focus as heavy rainstorms can trigger sedimentation rates on the order of 15 mm year À1 at the distal end of the lake and .200 mm year À1 near the river delta (Roop et al. 2015) . Clearly, flood-related large turbidity currents, internal waves and convectively driven density currents have an effect on long-term sedimentation patterns in the Lake Ohau system. The development of a conceptual model that integrates these elements is a primary aim of this research.
Material and methods

Site description
Lake Ohau (44814.040 0 S, 169851.240 0 E; 520 m above sea level) is one of three north-south trending lakes formed during the rapid glacial retreat between 17 900 and 17 4000 years ago following the last glacial maximum on the South Island of New Zealand (Fig. 1b) (Putnam et al. 2013 Two thermistor chains were arranged in depths of 25 m and 50 m near the head of the lake (Sites 1 and 2) and one thermistor chain near the outflow in the south-east (Site 3). Two ADCPs were located next to the moorings near the inflow at similar depths of 25 m and 50 m (Sites 1 and 2). LISST profiles were taken along the lake axis as shown in (a).
with a total surface area of ,54 km 2 . The lake has a mean depth of 74 m but reaches a maximum depth of 129 m along its central axis. Important bathymetric features are the steep delta front near the head of the lake where the depth increases rapidly to .100 m (with a slope of ,5%) and a sharp 908 turn to the east located in the southern portion of the lake, which separates the main basin and the eastern end of the lake (Fig. 1) .
Water inflow into the lake is mainly controlled by the Hopkins and Dobson Rivers, which drain a combined area of 924 km 2 before converging just upstream of the lake and contributing ,85% of the total annual inflow (Woods et al. 2006 ). The inflow rates into Lake Ohau predominantly depend on summer precipitation and summer snowmelt (17% of total annual flow: Kerr 2013) with an increase in discharge during the spring freshet (October-November) and typically lower inflow rates during the winter period (Roop et al. 2015 , and references therein).
Instrument deployment and data acquisition
Two arrays of instruments were deployed between January 2012 and January 2013 near the head of the lake at 25-m water depth (44811.069 0 S, 169851.680 0 E) and at 50-m water depth (44811.368 0 S, 169851.718 0 E). Each of the two moorings consisted of one thermistor chain and one Teledyne Acoustic Doppler Current Profiler (ADCP; Teledyne, Los Angeles, CA, USA) (Fig. 1 ). The thermistor chains had seven individual temperature loggers (TR-1060, RBR, Kanata, ON, Canada), which were located at 5-, 10-, 20-, 25-, 30-, 35-and 45-m water depth. The loggers had an accuracy of 0.0028C (resolution of ,0.000058C) and a sampling interval of 5 s. All loggers were calibrated and synchronised before the start of the instrument deployment. Additional temperature information was recorded using Onset HOBO Water Temperature Pro v2 data loggers (Bourne, MA, USA) with an accuracy of 0.28C (resolution of 0.028C). Temperature data with the HOBO loggers were collected at 5-min intervals at 2. 5-, 7.5-, 13-, 17-, 22-, 27.5-, 32.5-, 37.5-and 42 .5-m water depth. An additional Onset HOBO thermistor chain was located near the outflow (44816.782 0 S, 169855.480 0 E) with loggers at 5, 21, 36 and 51 m water depth, which recorded at 5-min intervals (positions of all instrumentation shown in Fig. 1c) .
Density was computed using the linear freshwater equation of state (Chen and Millero 1986) . The position, h, of the height of the seasonal thermocline above the lakebed was established by determining the location of maximum density gradient by using the first moment of the density gradient (Patterson et al. 1984) :
where r is the density of water (kg m À3 ), H is the entire thickness of the water column (m) and z is the depth measured from the surface (m).
Velocity data were collected using a RDI 1200-kHz, 4-beam ADCP moored on the bottom near the thermistor chain at a depth of 25 m and a RDI 600-kHz, 4-beam ADCP at depth of 50 m (Fig. 1) Fig. 1 ). Using these meteorological data along with the measured surface water temperatures, the four main heat flux components, net shortwave irradiance (SW), net longwave radiation (LW, determined after the Tennessee Valley Authority; Wunderlich 1972), sensible heat (H), and latent heat (kE) can be used to estimate net heat flux using a similar approach and assumptions as detailed in Forrest et al. (2008) .
An additional dataset of suspended sediment concentration and particle size distribution was measured in June 2012 with a Laser In Situ Scattering and Transmissometry 100X Type B instrument (LISST-100X) from Sequoia Scientific, Inc (Bellevue, WA, USA). The LISST-100X was used to take vertical profiles at six different locations along the thalweg of the lake (see Fig. 1a , c) during a winter flood event at DOY (day of year) 175. The sampling rate was 1 Hz and the particle size range detectable with the instrument is 1.25-250 mm. Fig. 2 summarises the meteorological observations made during the on-site measurements. Air temperature records reveal large seasonal and diurnal variability (Fig. 2a) , consistent with the intermontane setting. Precipitation at the Elcho Flats Station shows strong rain events throughout the year (Fig. 2b) . Average wind speeds are generally smaller in autumn and winter (Fig. 2c) . However, strong wind events (.8.0 m s À1 ) prevail throughout the entire year (Fig. 2c ) and consistently originate from the north-north-east as down-valley winds. During winter, the average river discharge (Q av ) is ,60 m 3 s À1 , with several flood events exceeding 200 m 3 s À1 (Fig. 2d ) . There is an increase in the average discharge Q av to 105 m 3 s À1 during summer, with two peak discharge events (Q , 1000 m 3 s À1 ) on 4 and 10 January 2013. Generally, these discharge measurements are congruent with records dating back to 1926, with flow peaks in December or January. However, large flood events of the magnitude recorded in January 2013 have occurred fewer than 10 times since the beginning of the historical record in 1926 (Roop et al. 2015) . In this paper we distinguish between average discharge for Q , 100 m 3 s À1 , flood events with Q . 100 m 3 s
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(occurring several times per year, marked by dashed line in Fig. 2d ) and large flood events, which have Q . 500 m 3 s
(with a return period of .2 years). As shown in all panels of Fig. 2 , weather data correlate well with estimates of river inflow as peak inflow rates directly follow episodic storm events and associated periods of rain. As highlighted in Fig. 2 with the grey bars, we focus on two significant thermal regimes occurring in winter (Period 1), associated with a weakly stratified water column, and in summer (Period 2), associated with a stratified water column. These two periods, as defined in Roop et al. (2015) , are hypothesised to significantly contribute to intra-annual variations in lake floor stratigraphy.
Winter period (Period 1: DOY 160-260) Fig. 3 shows the weather data, temperature and velocities in the water column at Site 2 during Period 1 (DOY 160-260). Air temperatures reveal a diurnal variability with a mean temperature of ,48C (Fig. 3a) . There are several rain events where precipitation exceeds 10 mm day À1 (Fig. 3b ) followed by significant flooding (Fig. 3c) . The most prominent flood event was observed between DOY 195 and DOY 200, when inflow rates peaked at values of Q ¼ 250 m 3 s À1 . Predominantly calm or light winds prevail with a mean wind speed, U wind ¼ 3 m s À1 . This value was exceeded on only three occasions when wind speeds were .5 m s À1 (Fig. 3d ). The temperature in the water column was ,108C on DOY 160 and dropped down to minimum values of 7-88C by DOY 240 (Fig. 3e ). Temperature variability was very small throughout the water column, with the largest differences occurring near the bottom. In particular, periodic temperature variations of 1-28C were present within 5 m off the lakebed between DOY 200 and 250 (delimited by the black dashed arrow). Horizontal velocities in the water column are illustrated in Fig. 3f . Close to the bottom, the horizontal velocities were observed to fluctuate between 0.02 and 0.1 m s À1 , with episodic increases of up to 0.25-0.3 m s À1 when river inflow rates are large (e.g. on DOY 195 to DOY 200 and DOY 214 to DOY 216). Although not shown, periods of large velocities have a flow direction consistently towards south and south-east. In contrast, small velocity fluctuations of 0.02-0.05 m s À1 during periods of low inflow correlate well with small periodic temperature variations near the bottom (e.g. between DOY 200 and DOY 230). The recorded Echo intensity (EI) of the four ADCP beams at 5 m above the bed is shown in Fig. 3h and has a mean value of EI , 100 dB (horizontal line) during Period 1. We interpret this EI count as a relative estimate of acoustic backscatter, inferring an increased sediment load being present in the water column (Kim and Voulgaris 2003) . Significant increases of up to EI ¼ 170 dB occurred during periods from DOY 175 to 178, DOY 195 to 200 and DOY 245 to 255, which correlates well with periods of increased river inflows, larger horizontal and vertical velocities respectively. Fig. 4 shows the measured sediment concentration profiles at six locations (see Fig. 1a ) collected during an inflow event with Q . 180 m 3 s À1 at DOY 175 (marked by arrow in Fig. 3 ). This inflow was characterised by maximum velocities of 0.2 m s
and EI values of 180 dB. At most locations, the largest concentrations (mL L À1 ) were close to the lakebed and Fig. 4c -f exhibits typical underflow profiles similar to the observed velocity distribution in Period 1. Interestingly, the distribution of particles in the deepest part in the lake (Fig. 4e ) has highest concentrations between z ¼ 80 and z ¼ 100 m. Nonetheless, near the outflow, the water column reveals the highest concentrations in the lake with a typical nose-shaped profile of an underflow (Middleton 1993 ). This sediment underflow is attributed to accumulation of sediments between z ¼ 50 and 60 m after the flow has passed through the deepest part of the lake (Fig. 4e) and runs into the eastern basin with shallower bathymetry. It is proposed that this event typifies underflow conditions during Period 1 (see Discussion).
Spring-summer period (Period 2: DOY 300 in 2012 to DOY 35 in 2013) Fig. 5 depicts the weather data and corresponding processes in the water column at Site 2 between DOY 300 in 2012 and DOY 35 in 2013. Air temperatures reveal a large seasonal and diurnal variability but also a constant increase of temperatures from 88C to 148C (Fig. 5a ). There are several large rain events (.20 mm day
: Fig. 5b ), which correlate well with inflow rates shown in Fig. 5c . The average discharge rates remain fairly constant (Q , 80 m 3 s À1 ) but show episodic, rapid increases of up to Q ¼ 150-200 m 3 s À1 lasting for several days (Fig. 5c ). The two most significant events occurred between DOY 3 and 7 and DOY 10 and 15 in 2013 when inflow rates peaked at 1000 m 3 s
and were associated with heavy rain events. Wind data strongly fluctuate, with the mean wind speed being 4 m s À1 and peak wind speeds exceeding 8 m s À1 on numerous occasions (Fig. 5d ) .
During Period 2, epilimnetic water temperatures range from 88C to ,148C in the bottom waters (Fig. 5e) . The epilimnion deepens continuously from an average depth of 20 m at DOY 320 to 30 m at DOY 35 in 2013. The thermocline shows strong excursions with a maximum depth at 35 m (DOY 10, 2013) and a minimum depth of 3 m (DOY 3, 2013) . Horizontal velocities show episodic, large increases near the bottom with peak velocities of up to 0.4 m s À1 (DOY 10, 2013) . These increased velocities are in close agreement with increased river inflow rates into the lake (Fig. 5c, g ) and have flow direction towards south and south-east similar to Period 1. The averaged EI taken 5 m above the bottom, which ranges from EI ¼ 100 dB to EI ¼ 200 dB, is shown in Fig. 5g . In the same way that EI was interpreted for Period 1, the intensity peaks correlate well with increased horizontal and vertical velocities near the bottom, and are suggestive of high sediment transport during times of large inflows into the lake.
Discussion
For a climate-proxy site it is crucial to understand the significance of processes prevalent in the lake influencing deposition. The data from 2012-13 suggest a complex interaction of several limnological factors, such as sediment-laden density currents, internal wave action and convectively driven currents. Fig. 6a shows the vertical velocity profile of a turbidity current obtained by averaging a 3-h period of quasisteady flow conditions during an inflow event of Q . 300 m 3 s À1 at DOY 250. At the 25-m mooring (closed circles), maximum horizontal velocities reach 0.2 m s À1 near the bottom, which decrease to ,0.05 m s À1 at 5 m above the bottom. The vertical velocity profile in Fig. 6b displays a similar shape with maximum downward-directed velocities of 0.02 m s À1 near the bed, which then reach background velocities by a height of 5-6 m above the bottom. Additionally, EI reduces from its maximum value of 200 dB near the lakebed to less than 50 dB at 8 m above the bed (Fig. 6c) .
Turbidity density currents
The same underflow was monitored at the 50-m mooring (open circles) where maximum horizontal flow velocities reached 0.25 m s À1 near the bed, which reduce to less than 0.05 m s À1 at 15 m above the bottom (Fig. 6d ) . In contrast, vertical velocities showed no significant change, indicating that the flow was almost horizontal by this stage (Fig. 6b) . EI values in Fig. 6c revealed an identical profile with maximum intensities near the bed (EI ¼ 160 dB) and significantly lower intensities (EI ¼ 50 dB) at 20 m above the bed. Thus, a turbidity current with a height of approximately h ¼ 5-10 m passed Site 1 over a period of 3 h. Owing to entrainment of ambient fluid the height of the current increased to h ¼ 20 m and passed Site 2. Furthermore, the reduced EI near the bottom suggests that sediment particle concentration decreased due to entrainment of ambient water along the slope (e.g. Best et al. 2005 , and references therein). A simple one-dimensional approximation where the entrainment is approximated by E , dh/dx, with x being 1 km between the two sites, yields E ¼ 0.005-0.015, which is found in many laboratory and field studies (Baringer and Price 1997; Dallimore et al. 2001; Cenedese et al. 2004) , summarised in Wells et al. (2010) . The first large flood event during the summer at DOY 1-3 in 2013 is shown in Fig. 6d -f. Data were averaged over a 3-h period of quasisteady flow conditions at Site 2 and there were no ADCP data available from Site 1. The velocities show the typical nose-shaped profile of turbidity currents (e.g. Middleton 1993), with velocities of up to 0.25 m s À1 near the bed, before reaching the maximum velocities of 0.3 m s À1 at z ¼ 4 m, which eventually reduce to 0.05 m s À1 at 15 m above the bottom (Fig. 6d ) . Vertical velocities reveal a constant upward direction of flow of 0.01 m s À1 between the bottom and a height of z ¼ 15 m (Fig. 6e) . Additionally, the EI profile has a maximum near the bottom (200 dB) and continuously decreases to 80 dB at z ¼ ,20 m (Fig. 6f ) .
(a)
We found similar velocity and EI profiles seven times (not shown here) during increased river inflow providing irrevocable evidence of turbidity currents being generated near the bottom (50 m) by river discharges in Lake Ohau. Moreover, increased EI values support the hypothesis that turbidity currents can be associated with increased sediment transport and that they occur mainly near the bottom of Lake Ohau at the measuring sites. Interestingly, at DOY 365, DOY 1-3, DOY 11 and DOY 14 bottom temperatures increase rapidly by up to 28C, indicating that warmer water is descending down the slope. During two events of increased velocities near the lake bed (on DOY 1-4 and DOY 10-11) temperatures were observed to be greater near the lakebed than at the surface (Fig. 7a) . Velocities and height of the gravity current are of the same order of magnitude as an inflow event observed in Lillooet Lake (Best et al. 2005) . Temperature inversions over such a large depth range are possible only if the underflow had a large sediment concentration to overcome the buoyancy arising from the warmer water when it is dragged downslope by the current. For instance, De Cesare et al. (2006) found warm density currents piercing through the 20-m thermocline and intruding down to a depth of .200 m in Lake Lugano owing to high sediment concentrations. Similar riverborne turbidity currents with temperature anomalies of up to 3.58C were reported in Lambert and Giovanoli (1988) where warm temperatures indicated that river water moved as an underflow through Lake Geneva due to short-term increases in sediment concentration.
Additional temperature anomalies between the top and the bottom waters were also observed in the winter (Fig. 7c) . Sudden increases of horizontal velocities (Fig. 7d ) 
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T ( well with these inversions and are again attributed to turbidity currents that descend along the lakebed. Compared with summer inflow events the temperatures rise only by 0.58C owing to nearly isothermal conditions. Nonetheless, the density difference required to overcome the buoyancy of warm water plunging down a slope with colder ambient water can only stem from suspended sediment particles in turbidity currents. Thus, these flows in Period 1 underline the importance of turbidity currents as an agent for sediment transport in the lake during winter.
Convection currents
Recall how Fig. 3 shows diurnal changes in water temperature and velocity near the bottom suggestive of the presence of another forcing mechanism, other than increased river inflow, during the destratified Period 1. The temperature in shallow, well mixed waters at the edges of lakes can cool more rapidly than that of adjacent deeper waters, in particular during periods of winter cooling. The resulting differential heating between the pelagic and littoral waters have been found to form cold, dense gravity currents along lake boundaries from shallow to deeper parts. For instance, cold-water plumes with a thickness of 10 m adjacent to the lake boundary were generated in the near-surface convective mixed layer when air temperatures were 78C below the surface water temperature (Thorpe et al. 1999) . Similar observations have been reported in other lakes (Fer et al. 2002; Jonas et al. 2003; Forrest et al. 2008) . Consistent in these studies was a net heat flux, which demonstrated cooling during the night (heat loss) so that dense cold-water plumes eroded the stratification that had developed during daytime. Fig. 8 compares air temperature (Fig. 8a) , wind speed (Fig. 8b) , inflow rates (Fig. 8c) , the estimated heat flux (Fig. 8d ) as well as the observed temperature (Fig. 8e ) and horizontal velocities (Fig. 8f ) in the water column at Site 2 between DOY 215 to DOY 235. Periodic temperature fluctuations of ,18C and velocities near the bottom up to 0.1 m s À1 correspond to air temperature changes but they do not correlate well with the low, constant inflow rates (Q , 60 m 3 s
À1
) or low wind speeds (,3 m s À1 ). In contrast, the estimated heat flux of 150 W m À2 from the lake to the atmosphere is of the same order of magnitude as has been documented in other lakes (e.g. Jonas et al. 2003; Forrest et al. 2008) where sufficient heat loss at night drives the formation of cold density plumes. Furthermore, the constant periodicity of ,24-h period supports the idea that downslope flows of cold dense water plumes occur at the head of the lake in response to diurnal heating and cooling.
Internal waves
One of the major controls on hydrodynamics in temperate lakes is the density stratification of the water column due to solar heating in the summer. Fig. 5 compares the inflow rates (Fig. 5a ), wind velocities (Fig. 5b) and the thermal variability near the inflow (Fig. 5e) and outflow (Fig. 5f ) for Period 2. Lake Ohau starts to stratify after DOY 320 when a strong temperature gradient (thermocline) develops. The thermal regime reveals up to 48C colder temperatures near the inflow compared with the outflow, which can most likely be attributed to cold river inflow.
The mean depth of the thermocline near the inflow is approximately z Th ¼ 20 m but the depth varies greatly, as demonstrated by excursions close to the water surface and bottom during peak inflow (DOY 3 or DOY 10 in 2013). However, similarly rapid changes occur during periods of low inflow rates (DOY 340 to DOY 365) so that thermocline movements are partly independent of river inflow. The temperature difference between bottom and surface layers is fairly small. For instance, a maximum observed temperature difference between z ¼ 10 m and z ¼ 40 m is Dt ¼ 28C so that the seiche period (T Seiche ) can be estimated using the common formation: Fischer et al. 1979) to be on the order of 36-48 h (with L being 10 km in Lake Ohau, g 0 is the reduced gravity due to temperature difference and z Th ¼ ,20 m is the depth of the thermocline). The amplitudes during this period are large (on the order of O(10) metres: Fig. 5e, f ) . Seiches with such amplitudes can cause velocities of 0.05-0.10 m s À1 and could be responsible for increased velocities during this period (Fischer et al. 1979) . Fig. 9a demonstrates the estimated depth of the thermocline and Fig. 9b shows the frequency and magnitude of thermocline excursions (Dz Th ). It is evident that ,40% of the time Dz Th is larger than 5 m. Furthermore, the distribution is almost symmetrical, indicating that the thermocline is equally subjected to up-or downwelling and that a periodic motion in form of an internal wave is driven by a mechanism unrelated to river inflow. Fig. 10 shows the Power Spectra Density of wind velocities and the estimated position of the thermocline. The dominant frequencies in the spectra (12-and 48-h intervals) compare favourably well. The offsets of the peaks could be attributed to the location of Site 3, which is not the downwind end but at the east end of the eastern basin (Fig. 1) . Additionally, the thermocline was identified on the basis of four thermistor loggers over a depth of 50 m, which allows only for an estimate of the thermocline position in the water column. Nonetheless, Fig. 10 indicates that thermocline movements near the outflow can be linked with the wind-induced stress whereas the thermal regime near the inflow suggests that internal wave climate is greatly influenced by river inflow.
Conceptual model for seasonal changes in Lake Ohau Lake Ohau is subjected to varying climate conditions and rainfall events manifested in strongly fluctuating river inflow rates that frequently trigger turbidity currents over an annual cycle. The critical suspended sediment concentration required to trigger turbidity currents for freshwater lakes is fairly low at , ,1 kg m À3 (Mulder and Syvitski 1995) . Although the sediment concentration of the inflow during floods is not known it can be easily concluded that the size of Lake Ohau's drainage area (,1200 km 2 ) and elevation (500-3000 m) produces average concentrations of at least 1 kg m À3 (Mulder and Syvitski 1995, fig. 7 ). It can be further concluded that floods flush the catchment area and river bed and yield even higher sediment concentrations at the head of the lake than during average discharge rates. Thus, on the basis of meteorological and hydrological forcing the sediment supply and deposition have to be differentiated into several stages representing different discharge rates and sediment concentration. Fig. 11 presents a conceptual model of the observed processes that contribute to sedimentation and ultimately varve formation in Lake Ohau. In addition, Fig. 11 sketches further processes known from other lake studies that may add to the sedimentation regime but require further monitoring in Lake Ohau. Fig. 11a shows the conditions during Period 1, in which several flood events of Q . 200 m 3 s À1 were observed. Historically, inflows of this magnitude are relatively common and occur 6-7 times per year. Over our monitoring period these flows showed increased acoustic backscatter data and had warmer temperatures than the ambient fluid, indicating significant sediment concentration to overcome the buoyancy force.
Owing to the density difference between inflow and lake the river waters propagate through the lake as underflows and reach the distal part of Lake Ohau, depositing fine (,5 mm) particles as measured in sediment traps by Roop et al. (2015) and also in accord with data obtained from LISST profiles (Fig. 4) .
In addition, periodic cold water plumes (18C colder than ambient water temperature) during regular inflow conditions were found to descend down the lake slope in the winter. Diurnal temperature fluctuations were still noticeable near the outflow with variations of up ,0.28C (Roop et al. 2015) suggesting that these currents also reach the distal part of the lake or occur around the periphery of Lake Ohau. Cold water plumes could also develop from cold river inflow, which is cooled down by cold air temperatures at night. Though their origin is unclear, the driving force for periodic cold water bursts in Period 1 seems to be convectively driven density plumes that are an effective driver for flushing near-shore regions (e.g. Fer et al. 2002) . The observed velocities associated with cold water plumes of 0.1 m s À1 are strong enough to erode and transport suspended sediment into more distal parts. Such density plumes could potentially contribute to the total annual sediment deposition in Lake Ohau but based on the low backscatter data they are less significant than sediment supplied by increased river discharge (Q . 100 m 3 s
À1
) in Period 1. Most sediment flux occurs during spring and summer and the corresponding thermal regime is depicted in Fig. 11b (moderate flood events with Q , 100-500 m 3 s À1 reflect return periods of several times per year to 2 years) and Fig. 11c (large flood events with Q . 500 m 3 s À1 ) respectively. Flood events of Q . 500 m 3 s À1 have a return period of ,2 years, implying that Lake Ohau receives greatly enhanced influxes of sediment several times a decade. The presence of steep temperature gradients during the summer is significant but its effect on the sedimentation regime remains speculative. The thermocline could act as a barrier to prevent finer particles from immediate settling. Rapid, periodic temperature fluctuations up to 5-68C around the depth of 20 m near the outflow are either windinduced or river-inflow-induced seiches that cause thermocline excursions near the outflow. However, breaking of internal waves could also cause sediment slumps and resuspension of particles leading to further sedimentation (Pharo and Carmack 1979) . The internal wave climate is not entirely clear from this 1-year record. For instance, the presence of Kelvin waves associated with large bottom velocities, as observed in Lake Geneva (Lemmin et al. 2005) , could be present but to detect such waves more thermistor chains around the periphery of Lake Ohau are required.
It is noteworthy that the 2012-13 summer season was relatively cold compared with other years and that flood events had a significant effect on the thermal variability of the lake. During warmer summers the thermal stratification would be much stronger, which puts more emphasis on the internal wave climate and related resuspension events in the wash-zone of the thermocline (Pharo and Carmack 1979; Peeters and Kipfer 2009 ). An additional source of sediment could stem from sediment resuspension caused by surface waves, as observed in Sunwapta Lake (Gilbert and Shaw 1981) and more recently in Lake Tahoe (Reardon et al. 2014) . Generally, Lake Ohau has steep slopes and only small parts are shallow shelf areas, but due to the wind and wave climate along the north-south axis additional sediment could get resuspended near the south shore. For instance, this could explain the high sediment concentration near the bottom in the eastern basin depicted in Fig. 4f . A strong thermal gradient also has an effect on river plumes and how they intrude in the lake system (Alavian et al. 1992) . Inter-and overflows could play a bigger role during moderate floods, for instance when the thermocline is not eroded and a strong thermal gradient prevails or when inflows carry less sediment and are unable to pierce through the thermocline. This could cause the distribution of finer sediments across the lake (Fig. 11b) , as seen in many other studies (e.g. Pharo and Carmack 1979; Lambert and Giovanoli 1988; Gilbert et al. 2006) . Another mechanism that has been observed in several lakes is that underflows become buoyant after the coarse sediment has settled out of suspension and detach from the lake bed further away from the delta (Fig. 11b) . This mechanism could also explain the presence of coarse sediment near the inflow and continuous fining of sediment towards the distal end of the lake.
On two occasions after heavy rainfall large floods with Q . 900 m 3 s À1 triggered turbidity currents that reached heights of tens of metres and velocities of up to 0.4 m s À1 in early 2013. Such large floods have return periods of 10 years. Near the inflow the thermal stratification is temporarily destroyed (Fig. 5e ) but the lake still exhibits a thermal stratification at the outflow (Fig. 5f ). Optical backscatter data (Fig. 6f ) and turbidity measurements (NTU . 31) observed by Roop et al. (2015) and temperature inversions (Fig. 8b) indicate that the sediment load during these inflow events was very high. These flows produced large sediment fluxes into the lake with volumes of ,100 mm of lake bottom equivalent near the inflow and ,5 mm of lake bottom equivalent near the outflow (Roop et al. 2015) . These values are comparable to maximum deposition rates in other intermontane lakes, for instance, in Kamloops Lake (Pharo and Carmack 1979) or in Lake Lillooet (Gilbert et al. 2006) . Very large floods (900-1000 m 3 s À1 ) occur at least once a decade in Lake Ohau and extreme flood events (Q . 1500 m 3 s À1 ) have return periods of the order of 50 years. Thus, we hypothesise that distinctly thicker sediment layers associated with these events should be found near the delta and near the outflow on a decadal and centennial time scale. The sediment regime displays a strong seasonality and large floods cause the largest sediment input in late spring and summer when most sediment is available from the catchment area. However, floods with Q . 200 m 3 s À1 occur several times throughout the year. Turbidity currents arise from these floods and operate mainly as underflows contributing to accumulation rates during the annual cycle.
Conclusions
Lake Ohau exhibits an extreme turbidity current regime with varying seasonal intensity. Sedimentation is mainly controlled by high sediment loads from river floods in the summer but these persist at lower frequency throughout the year. The processes sketched in Fig. 11 can occur independently, simultaneously, or even interact with each other, underlining the complexity of this lake system. To examine the interplay of these mechanisms on an interannual basis, a long-term monitoring program is required for Lake Ohau, ideally with a larger spatial and time-step resolution of thermistor chains near the inflow, at the downwind end of the lake and in the eastern basin. Moreover, ADCP instruments located further away from the inflow could provide information on whether bottom currents, inter-or surface flows dominate over the course of the year. The use of sediment traps, turbidity measurements at the inflow and monitoring of meteorological factors is in progress and will be required to understand the sedimentation regime. The development of numerical models is desirable to improve understanding of the system response to various conditions such as storms, rain events and floods. Field measurements, with the aim of understanding the importance of internal waves for sedimentation regime, characteristics of turbidity currents and sediment density surges at the delta will be the focus of future work in Lake Ohau and lead to a holistic model on varve formation.
